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1. Introduction
Modern agriculture is under pressure of two contradictory challenges reflected by the increas‐
ing world’s population on one hand, and the magnitude of food production, on the other hand.
In the period ranging from 1960 to 2010, the population doubled from 3 to more than 6 billions,
while the production of cereals tripled, a success which expressed by a significant yield in‐
crease per ha (from 1.09 t ha-1 in 1960 to 3.0 t ha-1 in 2010) [1]. The major reason of such yield in‐
crease was a marked progress in plant breeding, resulting in generations of new, high-yielding
varieties [2]. This process run in parallel with the increase in fertilizers, pesticides production
and consumption, hence enabling to cover nutritional needs and supporting the health of high-
yielding crops. The intensive production gain, based on enormous consumption of non-renew‐
able resources, especially fuel and simultaneously nutrients such as nitrogen and phosphorus
was, however, concomitant with their low use efficiency. This type of agriculture intensifica‐
tion created, in many regions of the world a threat to environment, at both local and global-
scale. There are numerous examples stressing the negative impact of intensive agriculture on
environment. Agricultural practices are responsible for the majority of ammonia and to a great
part for nitrogen oxide's emission to the atmosphere. Pollution of ground-water by nitrates and
phosphates originating from both arable soils and surface waters was recognized the earliest.
All these negative effects were the reason for the increased activity of local societies in the 70
and 80-ies of the XX century, resulting in the development of legal instruments protecting the
environment, for instance the Nitrate Directive [3, 4, 5].
The complexity of agricultural impact on human life and the increasing awareness of envi‐
ronmental threats was the boosting argument for elaborating a concept of sustainable agri‐
culture growth [6]. The core of this concept relies on an assuming that agricultural systems
© 2012 Grzebisz et al.; licensee InTech. This is an open access article distributed under the terms of the
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should be managed in a way covering current needs of present human being’s population
without negative impact on its performance in the future. The change of classical technolo‐
gies to fulfill both goals cannot be, however, achieved discrediting existing production
methods. The analysis of two food supply scenarios, developed in the 90-ies, i.e., Yield Ori‐
ented Agriculture (YOA) and Environment Oriented Agriculture (EOA), implicitly shows
that the second scenario guaranties the only moderate diet in 2040. By following this food
production strategy, food shortage is expected in some regions of the world [7]. Therefore,
the main challenges of modern agriculture are related to the improvement of classical pro‐
duction technologies. The future development scenarios cannot follow the concept of “sus‐
tainable intensification." This strategy, developed for low-input agriculture, assumes the
substitution of external inputs by naturally available resources, both physical and human
[8]. Therefore, the key challenge of agriculture is to increase resources use efficiency in all
systems, independently on their current intensity. The general strategies of technological
changes should include: i) improvement of water unit productivity, ii) increasing size of soil
natural pools, i.e., resources affecting its fertility (organic carbon, macro- and micro-nu‐
trients), iii) reorientation of plant crop management of a single crop to the crop rotation iv)
adopting no-till farming and conservation agriculture [2, 5, 9, 10, 11].
The efficient allocation of production means for improving yields and securing the environ‐
ment, requires a deep insight into processes responsible for crop's productivity. It is well
recognized, that crop plant development during the growth season is controlled by numer‐
ous factors, both depended and independent on farmer’s activity. All these factors have
been arranged in a manner taking into account the degree of their impact on plant growth
and productivity [12]. Four hierarchical levels of production factors and respective yield lev‐
els may be distinguished: i) potential, ii) water limited, iii) nutrient limited, iv) actual [13].
The first level of crop plant productivity is defined by climatic factors such as solar radia‐
tion, fixed by geographical location of the field. The potential productivity of the presently
cultivated variety is defined by the capacity of its canopy to intercept solar radiation. This
yield category is achievable, provided ample supply of water and nutrients during all stages
of yield development [14]. For example, in Europe, the average yield potential of wheat was
evaluated for the period 1996-2005 at the level of 10.4 t ha-1, however, ranged from 6.9 in
Bulgaria to 12.7 t ha-1 in Ireland [15], depending on climatic factors.
Lal [10] has made an important remark concerning the exploitation of the yield potential of
modern species. He pointed out that …“improved germplasm cannot extract water/
nutrients from degraded/depleted soils”.... Water supply to plants during the vegetative sea‐
son is considered as the key limiting factor, defining the maximum achievable yield under
physical conditions of the currently cropped field. In other words, this factor determines the
site-specific, i.e., locally realizable yield. Any shortage of water supply throughout the
growth season, especially during critical stages of yield formation is the primary reason of
yield losses. In Europe, the water limited yield (WLY) is fixed at levels, showing declining
trends in the directions extending from the West to the East and the South of the continent.
For Ireland, it has been calculated at the level of 8.5, Germany and Poland – 6.5, Bulgaria,
Romania – 4.5 t ha-1 [16]. However, WLYs show significant differences in comparison to the
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respective yield potential, which is as follows: 4.2, 3.4, 3.6, 4.6, 2.4 t ha-1, respectively. This
virtually un-harvested portion of the potential yield has been termed as the yield gap.
The third level of crop productivity depends on the supply of nutrients. However, produc‐
tion effects of applied nutrients are different, depending on a particular yield forming char‐
acteristic. Therefore, they can be classified to one of two main groups. The first one
comprises only one nutrient, i.e., nitrogen. Its superiority over others is due to the decisive
impact on primary plant physiological processes. The most important are those responsive
for dry matter production, and its subsequent partitioning among organs during the whole
life cycle of a plant [17]. Therefore, water and nitrogen are considered as the key limiting
factors in the realization of the crop yield potential.. The effect of both factors on in-season
crop performance depends on the supply of other nutrients. All of them are essential for the
adequate plant growth, but are considered only as “secondary" in terms of their impact on
yield performance and yielding potential exploration. Therefore, the Nutrient Limited Yield
Gap (NLYG) can be related to the degree of both water- and nitrogen-use efficiency, i.e,
WUE and NUE, respectively. The first one creates a milieu for nitrogen uptake and its fur‐
ther internal utilization. Thereby, the yield gap, due to inadequate uptake of nitrogen can be
overcome provided the balanced supply of other nutrients. The question, remains how to
match a crop demand for nitrogen and other nutrients in time and space?
The main assumption of efficient nitrogen use is to apply nitrogen fertilizer in accordance to
crop plant demands, which are variable during consecutive stages of growth. Farmers are
aware of nitrogen and other nutrient's importance for increasing yield of growing crops as a
prerequisite of high yield. However, they frequently make savings of their use, in turn decreas‐
ing nitrogen production efficiency. The key attribute of nitrogen-oriented crop production is its
relatively low recovery from applied fertilizers, in turn negatively impacting the environment
[4, 9]. In addition, the unbalanced nitrogen use leads to the depletion of natural resources of
other nutrients required by crop plants. This situation, as shown in Fig. 1, is typical for coun‐
tries of the second and third group. In many Central-East European countries, yields of wheat
decreased significantly in the 90-ies. The declining soil fertility is the main cause of the consid‐
erable year-to-year variability of harvested yields. The first step in reorientation of current agri‐
culture production into a sustainable way should, therefore, rely on the improvement of
phosphorus and potassium management. The best example of this trend is China, which dou‐
bled during the last 20 years potassium consumption, resulting in a linear yield increase. The
main goals of crop plants fertilization with potassium are to: i) reduce year-to-year variability
of harvested yields and ii) increase water- and N-use efficiency.
Potassium is one of the most important nutrients required by crop plants. In plants, its accumu‐
lation rate during early stages of growth precedes nitrogen accumulation. Therefore, its supply
to plants seems to be decisive for nitrogen utilization, in turn significantly affecting plants
growth rate and the degree of yield potential realization. The current status of potassium man‐
agement in world’s agriculture, as presented in Table 1 and Fig. 1, has been evaluated on the ba‐
sis  of  potassium fertilizers  consumption.  Wheat  has  been considered as  an example  for
assessing, the importance of this nutrient for food production. The consumption of potassium
fertilizers in the period from 1986 to 2009 underwent significant changes on the world agricul‐
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tural scene. The top wheat producers, mainly European countries and USA, showed a sharp de‐
clining trend in potassium usage in 2006-2009 as compared to 1986-1990. In 2005-2009, the group
of main potassium consumers, compared to the period 1986-1990 decreased its use to 47%. Un‐
expectedly, in all these countries, any significant negative effect on wheat yields as induced by
the decline in the consumption of potassium was noted. For example, grain yield increase aver‐
aged over all studied countries, amounted to 0.9 t ha-1, ranging from -0.3 for Denmark to +2.17 t
ha-1 for Belgium (Table 1). Therefore, it can be concluded, that the recommended rates of potassi‐
um fertilizer did not fit real wheat requirements, both in time and space.
Potassium consumption pattern for Central and East European countries is much more com‐
plicated. It usage showed the same declining trend as in the previous group. However, in
the second period, the average K consumption dropped down to 14.3% of its primary level.
The mean change of wheat yield showed increase only for the Russian Federation and stag‐
nation for the Czech Republic. In other countries, a temporary yield gap (TYG), i.e., induced
by the decrease in fertilizer's consumption ranged from -5% for Serbia to -23% for Bulgaria.
The relative change (ΔY) of wheat yield as presented below, followed the degree of potassi‐
um consumption change (ΔK):
2ΔY = 1.47ΔK + 114.2; R = 0.66, n = 7 and P  0.01£ (1)
The third group consists of low potassium fertilizer consumers (based on data for the
1986-1990 period). Most of them showed an extremely huge K consumption increase in the
period extending from 1990 to 2009. This high progress resulted in the net yield of wheat
gain, as presented below:
2ΔY = 0.13ΔK + 4.83; R = 0.61, n = 7 and P  0.01£ (2)
Statistical
characteristics
HP2 I3 P4
1986-90 2005-2009 1986-90 2005-2009 1986-90 2005-2009
Average 51.4 23.6 53.9 7.75 4.85 14.5
Standard
deviation 30.2 14.7 24.7 4.46 4.46 15.4
Coefficient of
variation, % 58.8 62.3 45.8 57.5 91.9 106.1
1source: FAOSTAT, IFADATA, available online 2012-08-07;
2group HP (high productive countries): Austria, Belgium, Denmark, France, Germany, Italy, The Netherlands, Spain,
United Kingdom, United States of America;
3group I (intermediate): Bulgaria, Czech Republic, Hungary, Romania, Russian Federation, Serbia, Slovak Republic, Ukraine;
4group P (progressive): Argentina, Australia, China, Egypt, India, Mexico, Turkey.
Table 1. Statistical overview of potassium consumption by wheat producers in two distinct periods1, kg K2O ha-1
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These three examples, presenting potassium management by main wheat producers, implic‐
itly indicate that there is a significant gap between official K recommend rates and real
needs of wheat for fertilizer potassium. It is necessary to agree with opinions expressed fre‐
quently by farmers, about the inappropriateness of current nutrient recommendations and
especially regarding the transfer of scientific knowledge to agriculture practice. Consequent‐
ly, each method of N management requires, firstly, a simple and secondly, a reliable method
of other nutrient's recommendations in terms of the amount and of time, as the guarantee of
available N efficient use.
This conceptual review assumes that sustainable potassium management on the field should
focus farmer’s activity on increasing both: i) the amount of available K pool and ii) access of
crops grown in a given cropping sequence to this resources. The primary objective of this
paper is to present and explain the scientific background of potassium impact on crop
plant's growth and productivity, taking into account their different sensitivity to K supply,
both in the required quantity and time. The key objective is to stress the importance of the
crop rotation-oriented strategy of potassium management, considered as the low input
method. It focusses on covering K requirements of the most sensitive crop during its critical
stages of yield formation. It is also supposed, that K soil sufficiency can be partly achieved
by recycling of organic K sources, taking into account the crop rotation course.
Y = 0.01x + 13.76
R
2
 = 0.39 for n = 24 and P < 0.001
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Figure 1. Effect of relative change of potassium fertilizer consumption on relative wheat yield change (1986-1990 =
100%).
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2. Potassium impact on crop plant productivity – Physiological
backgrounds
Potassium (K) is one of the 16 elements needed for plant growth. It is essential in nearly
all processes required to sustain the adequate plant growth and its reproduction. Potassi‐
um plays a basic role in series of fundamental metabolic and physiological  processes in
the plant. Plants under potassium deficiency reduce carbon dioxide assimilation and ATP
production. Carbon fixation and assimilates transportation to other organs requires potas‐
sium. A sufficient supply of potassium is therefore, a background of efficient solar-energy
use [19, 20].
A high-yielding crop takes up large quantities of potassium to cover its requirements during
the whole vegetation. The highest accumulation of potassium is generally attributed to root
crops such as sugar beet and potato. In fact, the first one yielding at the potential level, i.e.,
80 t ha-1, accumulates more than 400 kg K ha-1 [21]. Cereals are considered as low K consum‐
ers. Winter plants yielding at the level of 10 t ha-1, can accumulate at harvest 190 kg K ha-1
[22]. It is necessary to stress that the total amount of K in the crop at harvest is by 1/10 to 1/3
lower than its maximum during the growth season. This difference should be taken into ac‐
count when calculating the K recommended rate.
Potassium management by a crop requires an insight into some canopy characteristics: i)
quantity of accumulated nutrient, ii) absolute/relative uptake rate, iii) dynamics of nitrogen
uptake. The first step in understanding K impact on a crop productivity is to define its sensi‐
tivity to K supply. The general trend of K accumulation during the life cycle of a crop can be
described by the sigmoid-like curve (Fig. 2). The same patterns, as shown in Fig. 2, have
been found for winter wheat [22, 23] and for oil-seed rape [24]. The well-defined maximum
describes the date of the highest amount of K fixed by the canopy followed by a subsequent
decrease during maturation. The second important information drawn from Fig. 2 refers to
Kmax. As a rule, K accumulation precedes the absolute rate of both dry matter and N accu‐
mulation. Based on the pattern of N and K in-season accumulation, it can be formulated a
hypothesis, that K accumulated in excess during the vegetative part of the seed crop growth
builds-up a nutritional buffer, supporting effective N use during the grain filling period.
The best examples are cereals, for which the crucial stage of dry matter production occurs at
the end of booting and during heading. This period is decisive for establishing both the
number of ears and grains per ear. At these stages, cereals reach the top of K accumulation,
which is conclusive for high-yield [22, 23, 25].
The dynamics of potassium uptake by a crop can be described using indices such as the ab‐
solute/relative rate of K accumulation (A/R-RKA). The first one is shown in Fig. 3 for sugar
beet. This crop can keep the uptake rate at the level of 10 and 9 kg K ha-1 ∙ d-1 for 7 and 17
consecutive days, respectively. Dynamics of K uptake coincides with the absolute rate of the
root system extension, reaching top values at the period of maximum dry matter accumula‐
tion, both in leaves and roots [26]. In oil-seed rape dominates the same pattern of K and N
uptake. The uptake rate of K during the period from the rosette stage up to flowering ranges
from 3 to 7 kg K ha-1 ∙ d-1, reaching the maximum at booting [24, 27]. The same potassium
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accumulation course was found for winter wheat [23]. In this particular case, the highest ac‐
cumulation rate of K was lower than that observed for leafy crops, achieving 4.4. kg K ha-1 ∙
d-1 from the beginning of stem elongation up to heading.
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Figure 2. General pattern of K and N accumulation in high-yielding crops, a case of sugar beet; Source [21]
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Figure 3. Dynamics of K accumulation by sugar beet on the background of root growth; Adapted from [21, 28]
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Based on these sets of data it can be formulated a hypothesis that an efficient supply of po‐
tassium to a crop is a prerequisite of achieving the highest rate of canopy growth. The im‐
portance of potassium management for dry matter accumulation by a maize canopy is
presented in Fig 4. The analysis of the course of crop growth rate (CGR) can be used to dis‐
criminate the critical stage of a particular crop response to the supply of potassium. In
maize, for example, the elevated rate of dry matter accumulation takes place from tasselling
(BBCH 51) and extends up to the blister stage (BBCH 71). This crop shows a very high plasti‐
city to K management. The highest CGR was an attribute of both groups of plants grown on
i) a fertile K soil, irrespectively on current K supply, and ii) medium K fertile soil but freshly
fertilized with K.
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Figure 4. Dynamics of dry matter accumulation by maize on the background of potassium fertilizing; Source [29]
Plants take up potassium as the K+ ions. Its availability and the plant uptake rate is affected
by several soil and plant factors: i) K concentration in the soil solution, ii) size of the soil cati‐
on exchange complex, iii) soil properties such as: moisture, soil aeration and oxygen level,
temperature, iv) plant crops internal requirements, v) rooting depth [30, 31]. The first two
factors are decisive for potassium resources. However, K utility by a particular plant from
different soil reservoirs depends on the internal plant requirement, which is defined by the
rate of dry matter accumulation, expressed as the biomass ingrowths rate. In fact, it is the
basic factor depending on the supply of water and nitrogen. Nevertheless, the evaluation of
factor’s hierarchy implicitly shows, that the rate of root growth affects the K uptake rate
from soil resources the most [32]. The elucidation of the role of root growth requires a deep
insight into mechanisms of potassium uptake by a plant root. Its has been well documented
that K+ ion's transportation from the soil solution to the root is mainly via diffusion. The
movement of potassium depends on the water regime and plant root system activity [33].
The rate of any ion transportation to the root surface is governed by its effective diffusion
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rate (Deff), which is nutrient specific. Under constant physical conditions, ions with higher
Deff are taken faster, resulting in steeper depletion of its concentration in the bulk soil sur‐
rounding the root surface [34]. The occurring processes can be described quantitatively us‐
ing the following set of equations:
0.5
effd   = 2 D )× t( (3)
Deff= Dw × θ × f/b (4)
r1 = (4/π)0.5 × 1/(Lvr0.5) (5)
( )1Dd  = d/0.5r ×100% (6)
where:
d - the root depletion zone, cm
t - time since initiation of calculation, days
Deff - coefficient of diffusion in soil solution for a particular nutrient, cm2 s-1
Dw - coefficient of diffusion in water for a particular nutrient, cm2 s-1
θ- volumetric soil water content, cm3 cm-3
f - tortuosity factor of soil pores, unitless
b - soil buffering capacity for a particular nutrient, unitless
Lvr - root length density, cm cm-3
r1 - the mean distance between neighboring roots, cm
Dd - degree of nutrient utility in the depletion zone, %
The typical values of coefficients of diffusion for two main nutrients, i.e., nitrate nitrogen
and potassium, are as follows: 2 10-6 cm2 s for nitrates and 2 10-7 s for potassium [35]. How‐
ever, their values may significantly decrease under conditions of low water content down to
10-10 and 10-12 for both nutrients, correspondingly. The depletion zone calculated using typi‐
cal values, and a period of seven days extends from the root surface to 18.5 mm and 4.9 mm,
respectively. It is necessary to keep in mind that the competition between two neighboring
roots for a given nutrient begins, when their depletion zones overlap. Even though, the
question remains, which nutrient is dominant in this process, in turn impacting the whole
plant metabolism? Solving this problem requires sets of data concerning root length density,
which is variable both between crop species, stage of development and root's distribution in
the soil profile. Therefore, K uptake characteristics of winter wheat and sugar beets, were
compared at stages with maximum uptake rates, i.e., at heading and in the second half of
July, respectively (Table 2). The calculated half distance between neighboring roots, as a re‐
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sult of root length density variability, increased with the soil profile depth. The degree of
nitrate's utilization by wheat was the highest in the top-soil, several times exceeding its po‐
tential to deliver the required amount of nitrogen. The most spectacular is the fact that in the
7th-day period, the depletion of the nitrate-nitrogen zone extended down to 150 cm. At the
same time, the K depletion zone occurred at the depth of 60 cm. In the case of sugar beet, the
depletion zone for nitrates reached down to 90 cm, whereas for potassium only to 30 cm.
Depth
Winter wheat 1 Sugar beet2
Lvr
cm · cm-3
r1
cm
Dd, % Lvr
cm · cm-3
r1
cm
Dd, %
NO3 - K+ NO3 - K+
0-10
8.2 0.42 888 234
2.7 0.73 509 134
10-20 3.1 0.68 546 144
20-30 2.1 0.83 449 118
30-60 1.7 0.92 404 106 0.38 1.95 191 50
60-90 1.0 1.20 310 82 0.26 2.35 158 42
90-120 0.7 1.43 259 68 0.08 4.24 88 23
120-150 0.27 2.31 161 42 0.01 12.00 31 8
150-190 0.03 6.93 54 14 - - - -
Adapted from 1[36] and 2[28]
Table 2. Effect of root length density distribution in the soil profile on the degree of potassium and nitrate-nitrogen
depletion at the critical stage of potassium accumulation by two crops
These two sets of data outline some important information concerning the management of
both nutrients. Firstly, at the critical period of each crop development, nitrogen should be
considered as a nutrient significantly limiting plant growth. In the case of wheat as a crop
accumulating a significant amount of nitrogen in grain, an external supply of this nutrient is
required at heading to fulfill this goal. A quite different strategy should be recommended
for sugar beet, since it reaches at the critical stage of K accumulation maximum rates of both
dry matter and nitrogen accumulation [26, 37]. This crop in subsequent stages of growth re‐
lies on soil N resources, which uptake is governed by K supply. The second information re‐
fers to un-depleted resources of potassium, present in deeper soil layers. These reserves can
be considered as the basic source of K supply during critical stages of beet growth and/or
during any kind of growth disturbance due to stress. It is worth mentioning, that water
shortages first limit nutrient flow in the topsoil, and then extend down the soil profile.
Therefore, soil K reserves present in deeper soil layers are important for the exploitation of
the plant yielding potential or to protect its growth under stress.
The effective transformation of solar energy into plant biomass depends on the supply of nitro‐
gen, which is crucial for both carbon fixation and its subsequent partitioning among plant or‐
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gans. Therefore, the rate of plant growth, taking into account its aerial part, is determined by
nitrogen availability, especially nitrate ions. It is recognized, that higher soil moisture content
usually means greater availability of nutrients to plants. Nitrogen supply to roots is via the
transpiration stream of water (mass flow). Processes leading to the decrease of soil water con‐
tent are the main reasons increasing the importance of diffusion as the core mechanism of nu‐
trient transportation towards roots [30, 33, 38]. Nitrogen fertilizer use by a crop is related to the
soil K fertility level. It has been documented, that insufficient supply of K results in lower, than
expected, uptake rate of nitrate-nitrogen, which in turn decreases the rate of aerial biomass
growth. This specific phenomenon is explained by the fact, that potassium accumulated at the
root surface controls nitrogen inflow into the root. The rate of nitrate's transport through roots
into the shoot depends on K concentration in the soil solution, governed also by K soil fertility
level. At the same time, malate is produced in the shoot and part of the K-malate undergoes re‐
cycling through the root system [39]. Therefore, external and internal K sources are responsible
for effective uptake of nitrogen from its soil pool. Insufficient supply of potassium from the soil
solution significantly restricts the uptake of nitrates, reducing in turn their concentration in the
root and consequently their transportation into leaves, where they undergo reduction. This al‐
so means, that the plant is not able to take up adequate amounts of N, when K is in limited sup‐
ply. It can be concluded, that high-yielding crops require excessive supply of K in order to
match their demand for N in critical stages of yield component's development.
3. Potassium as a water-stress ameliorative agent
3.1. Plant growth stages – Yield forming function of potassium
Yield can be defined as the end-product of yield component's expression of a particular crop
during growth and development. According to the concept multiple limitation hypothesis
[MLH, 17], water and nitrogen supply plays a decisive role in assimilates partitioning
among main crop plant organs [40, 41, 42]. These two nutrients affect both the rate of dry
matter accumulation and yield component's development. In order to understand their in‐
fluence on the rate of dry matter accumulation of the yield, the whole life cycle of a crop can
be divided into three main periods: i) yield foundation (YFP), ii) yield construction (YCP),
iii) yield realization (YRP) [43]. The shortage of potassium can affect plant growth in each of
the above indicated periods. The key problem remains, about how potassium improves
yield forming effect of water and nitrogen?
Potassium concentration in plant biomass varies from 1 to 5% of dry matter weight. When
soil potassium is deficient, plant growth is reduced, resulting in smaller, dull bluish-green
and wavy leaves and thinner stems. Plants often tend to wilt. Visual symptoms of potassium
deficiency are easily recognized, but only those under severe potassium shortage, (Photo 1).
In early stages of growth and also under hidden K deficiency, its visible symptoms are even‐
tually confused with nitrogen deficiency. The main reason is the slow rate of the aerial bio‐
mass growth. The shortage of potassium is the reason of basic physiological processes
disturbance, which in turn negatively affect the development of yield components. Potassi‐
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um deficient plants: a) develop a weak root system, b) are not efficient in nitrogen uptake, c)
grow slowly, d) develop infirm stems and lodges frequently, e) use inefficiently water and
nitrogen, f) show high susceptibility to diseases, g) yield miserably, h) produce lower quali‐
ty yield [19, 20]. The recent study conducted in Canada showed that the shortage of potassi‐
um reduces grain of maize by 13% [44]. In the Central-Eastern European countries, during
the last two decades, the supply of nitrogen has not been balanced with potassium and
phosphorus, in turn seriously limiting harvested yields of cereals [45].
In the yield foundation period (YFP), K supply affects both the root system and aerial parts build
up. In cereals, it stops at the end of tillering, and in all dicotyledonous crops, at the rosette stage.
In general, at the beginning of the plant life cycle, the supply of water and nutrient is not consid‐
ered as the factor limiting the root system extension. As a rule, all nutrients are uniformly distrib‐
uted, and roots follow the genetically fixed patterns [30, 46]. Plants grown in soil fertilized with
potassium, i.e., in the K fertile soil, show at early stages much higher rate of root system in‐
growths. As a result, roots of plants well supplied with K are able to reach the deeper soil layers
considerably earlier, than those poorly K-nourished. For example, the daily rate of extension of
sugar beet roots, due to ample K supply can be accelerated by 50% as compared to plants grown
in the K medium K level, irrespectively of the weather course. The same degree of maize re‐
sponse to high K availability has been documented. Cereals, for instance spring barley showed a
much weaker response to the elevated K soil level [47]. The observed phenomenon supports the
hypothesis, that K induces adaptation of crops to summer semi-drought, which emerges irregu‐
larly in temperate regions.
The key attribute of the yield construction period (YCP) is the linear rate of the dry matter in‐
crease. At the end of this period, crop plants reach the highest rate of growth. Therefore, K sup‐
ply during this particular period is considered as the critical factor of yield performance. In
cereals, it extends from the end of tillering up to the end of heading [48]. In other seed crops, the
most sensitive phase to K shortage extends from the rosette up to the budding. Vegetable crops
show sensitivity to K supply from the rosette up to technological maturity. For high-yielding
crops, K supply is crucial for maximizing the dry matter accumulation and critical for yield com‐
ponent's development (Table 3). For example in maize, the shortage of potassium during anthe‐
sis negatively affects the number of kernels on the cob [49, 50]. As shown in Table 4, plants grown
on light soil showed poor development of this yield component, mainly due to the extremely
strong response to drought in 2006. Therefore, any shortage of K during the linear period of each
plant growth is considered as critical for final yield development.
The yield realization period (YRP) of a particular crop extends from the beginning of anthesis up
to final maturity. The shortage of K affects the most vegetable crops, including potatoes. Seed
crops are also sensitive to K supply during ripening, especially in regions of year-to-year weath‐
er variability. For example, the content of potassium in the flag leaf of winter wheat at the stage of
milk grain maturity can significantly affect the yield (Y), as presented by the equation [51]:
2Y = 2.35K + 4.0; R = 0.75 n = 9 and P  0.01£ (7)
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Crop Visual symptoms of deficiency negatively responded component/parts
Cereals dull green color; tip and marginal chlorosis on
lower leaves
- number of ears per unit area,
- grains per ear
Maize curling of leaves by mid-morning, tip and
marginal chlorosis on lower leaves
- number of kernel’s rows,
- number of kernels per row
Oil-seed rape smaller rate of rosette growth,
tan-coloring of lower leaves
- secondary branches,
- capsules per branch
Sugar beet early leaves wilting during heat of the mid-
day, tip and marginal chlorosis on older leaves
- size of leaves,
- weight of storage root,
- content of sugar
Potato wilting-like shape of canopy during heat of
the mid-day, tip and marginal chlorosis on
older leaves
- number of stems,
- weight of tubers,
- content of starch
Table 3. Effect of potassium deficiency during the linear period of crops growth on visual symptoms and yield
components development
Experimental
factor
Level of factor Yield and elements of yield structure
Yield, t ha-1 NKR3 NKC TGW, g
L1 M2 L M L M L M
Fertilizing
treatments
NP 6.49 a 8.27 a 24.9 a 26.8 a 357 a 390 a 239 a 259 a
NPK 7.05 b 9.61 b 26.3 a 29.2 b 376 a 421 b 251 ab 284 b
NPKMgS 7.46 b 10.1 b 26.3 a 29.1 b 370 ab 411 ab 261 b 306 c
NPKMgSNa 7.35 b 10.6 c 24.6 a 27.7 ab 365 ab 405 ab 249 ab 323 d
Years 2005 8.85 b 10.3 b 31.7 b 27.0 a 473 b 410 b 275 c 301 b
2006 2.73 a 8.13 a 14.3 a 25.7 a 159 a 334 a 217 a 298 b
2007 9.69 c 10.5 b 30.6 b 31.9 b 470 b 476 c 259 b 277 a
Source [55]
ameans with the same letter are not significantly different at α=0.05 (Tukey test);
1L: light soil - loamy sand, 2M: medium soil - sandy loam; 2NR - number of rows per cob,
NKR – number of kernels per row, NKC – number of kernels per cob, TGW – thousand grain weight.
Table 4. Statistical evaluation of main factors affecting yield and structural components of maize grain yield at the
background of soils differing in texture
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This finding corroborates the importance of  the subsoil  K reserves for efficient manage‐
ment  of  N,  as  the  nutrient  decisive  for  leaves  activity  during  ripening  of  cereals.  The
grain weight increase in response to K supply is probably related to its effect on assim‐
ilates  transportation in the phloem [20].  Thousand-grain weight  (TGW),  a  structural  pa‐
rameter  of  a  grain  yield  of  seed crops,  indirectly  describes  a  plant  nutritional  status  in
this  period.  The  final  weight  of  kernels  generally  reflects  the  crop  canopy  capability
both  to  produce  and to  supply  carbohydrates  to  growing kernels  [52].  As  presented in
Table  4,  this  yield  component  showed a  significant  response  to  all  studied  factors,  but
the  soil  complex  was  the  most  important.  Plants  grown on  soil,  naturally  reach  in  po‐
tassium,  achieved  TGW  by  17%  higher  as  compared  to  those  grown  on  light  soil,  in
spite of the same content of K initially available.
Water requirements of plant crops are variable accordingly to the stage of their growth.
The most  sensitive stages cover the linear phase of  biomass accumulation [see equation
No. 7].  Sugar beet and potato plants are responsive to water supply during the most of
the season,  but  especially during the highest  rate  of  the dry matter  increase,  i.e.,  in the
mid-season (July and August  in the temperate  regions of  the world).  Soil  water  capaci‐
ty is a function of its textural class and precipitation over the whole season. It  has been
documented,  that  long-term fertilization with potassium results  in  increasing content  of
plant available water [47].  This phenomenon is probably explained by specific,  glue-like
action of  potassium ions to  individual  soil  grains [53].  The spatial  pattern of  water  up‐
take  from  various  regions  of  the  soil  profile  depends  on  both  soil  moisture  and  roots
distribution  [46].  Water  uptake  and  extraction  patterns  are  related  to  rooting  density.
For  example,  a  high-yielding  winter  wheat  extracts  50  to  60%  of  total  water  from  the
first  0.3  m;  20 to  25% from the second 0.3  m;  10 to  15% from the third 0.3  m and less
than  10% from the  fourth  0.3  m soil  depth.  The  usability  of  water  by  plant  root  from
deeper layers depends on its  penetration ability [54].  However,  the deepest  parts  of  the
soil  profile  are  responsible  for  water  and  nitrogen  supply  during  stages  of  maximum
dry matter accumulation.
The  maximum rate  of  water  use  by  crop occurs  at  field  capacity,  i.e.  at  maximum soil
available  water  content.  As  the  soil  dries,  the  attainable  soil  water  content  decreases,
leading  to  a  significant  drop  in  plant  water  potential,  which  also  depends  on  plant
structure  and transpiration rate.  At  the  onset  and during sustained periods  of  drought,
highly  synchronized  responses  occur  between  root  and  shoot  tissues.  Signals  from  the
roots  have almost  immediate effects  upon shoot  growth and its  physiological  functions,
which  modify  the  crop  plant  response  to  drought,  in  turn  its  productivity.  The  pro‐
longed  drought  disturbs  the  diurnal  rhythm  of  stomata,  which  are  not  able  to  control
water  loss  from  the  leaves,  further  increasing  the  stress.  Next,  photosynthesis  rate  de‐
clines and respiration tend to increase,  reducing consequently,  dry matter accumulation.
Shortage  of  assimilates  transport  to  roots  decreases  the  rate  of  their  growth  and  as  a
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consequence root  system may be  less  able  to  utilize  reserves  of  water  stored in  deeper
soil layers [38, 46, 56].
The main agronomic  problem,  but  not  only,  is  the  question how the  water  deficit  may
be  ameliorated?  In  agriculture  practice  irrigation  and  breeding  used  to  be  treated  as
the  main  ways  for  overcoming  water  shortages.  The  simplest  solution  is  to  supply
more  water,  i.e.,  to  irrigate.  However,  not  all  farmers  can  invest  in  irrigation  equip‐
ments.  The  second solution is  to  find out  varieties,  well  adapted to  water  shortage.  So
far,  in  spite  of  huge  investigation,  breeding  for  drought  resistance,  remains  still  the
open-box [56,  57].  It  is  well  known, that root morphology is  guided genetically,  but the
ultimate  shape  of  the  root  system largely  depends  on  the  effects  of  environmental  fac‐
tors.  The depth of the soil  reservoir that holds water available to a plant is,  in fact,  de‐
termined  by  plant’s  rooting,  in  turn  depending  on  soil  characteristics,  including
compacted layers and water storage.  Hence,  the extension of  roots into deep soil  layers
is  crucial  for  crop  performance  under  limited  water  supply.  Drought  adapted  plants
are  characterized  by  great  and  vigorous  root  systems  [58].  Experimental  studies  con‐
ducted  in  England  showed  that  winter  wheat  roots  below  1  m  contribute  only  to  3%
of  total  root  system  weight,  but  at  the  same  time  it  delivered  20%  of  the  transpired
water during dry periods [54].
Under  field  conditions,  water  availability  and  its  supply  to  currently  growing  crops  is
year-to-year  variable,  in  turn  affecting  seasonal  yields  variability.  Therefore,  yields  har‐
vested by farmers in good years,  i.e.,  under relatively ample supply of water, are usually
higher,  expressing  higher  unit  productivity  of  the  applied  nitrogen  and vice  versa.  It  is
recognized,  that  plant  growth is  better  maintained under  stress  if  adequate  amounts  of
nutrients  are  available  throughout  the  growing  season.  The  deficit  of  nutrients  reduces
the  rate  of  metabolic  processes  in  the  plant,  making  energy  transfer  and  other  growth
processes less efficient. The adequate, balanced supply of N, P, and K should meet crop
requirements,  keeping its  healthy and vigorously throughout the growth season [19,  30,
33].  This conclusion is  corroborated by data presented in Table 4.  In 2005 and 2007,  fa‐
vorable for maize growth, yields of plants fertilized with NPK were significantly higher
compared  with  those  fertilized  only  with  NP,  irrespectively  on  soil  texture.  In  the  ex‐
tremely dry 2006 year,  in spite of  the same input of  fertilizers and soil  K fertility level,
harvested  yields  were  by  2/3  and  ¼ lower  as  compared  to  good  years,  respectively  for
loamy  sand  and  sandy  loam.  Grain  yield  responded  to  applied  nutrients,  but  it  was
non-significant on the light soil  (Fig.  5).  This example implicitly indicates on the impor‐
tance  of  inherent  soil  K  fertility  in  ameliorating  water  shortage,  significantly  affecting
crop growth during the Yield Foundation Period (Table  4).  It  can be therefore conclud‐
ed that on light soils (L), K application ameliorates mild but not severe stresses. Soil or‐
iginated from loams (medium soils, M) are much more resistant to drought, allowing to
take under control water stress, provided a well potassium management.
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ameans with the same letter are not significantly different at α=0.05 (Tukey test).
Figure 5. Response of maize grown on soil differing in texture to increased fertilization level in 2006 (dry year); Source [55]
3.2. Impact of potassium on WUE – Maize as a case study
The water-management index describing water-use efficiency (WUE) refers to the quantity
of biomass produced by a crop plant per volume of water transpired and evaporated during
its life cycle. In agronomy, the WUE index termed as the crop water productivity (CWP) re‐
lates the quantity of actually harvestable or marketable crop plant part (seeds, grain, roots,
tubers, etc.) produced on a given area in a fixed period of time (yield, Y) per unit of tran‐
spired water [59]:
a aCWP = Y /ET (8)
The actual evapotranspiration (ETa) defines the amount of water use (transpired and evapo‐
rated water) (mm, m3) by the cultivated crop during its growth period. Its value is constant
for a particular crop within a given geographical region, in spite of a slight year-to-year vari‐
ability. For example, indices of ETa calculated for maize in two contrastive growth seasons
Soil Fertility150
2006 and 2007, with respect to the weather course, amounted to 622 and 572 m3, respectively
(see Table 4). However, in 2006, harvested yields on light soil were much lower than on the
medium one (Fig. 5). In contrast in 2007 yields were both considerably higher and did not
show dependence on soil texture. Therefore, the applicability of the CWP index for evaluat‐
ing yielding effects of agronomic factors is limited.
The French and Schulz approach, expressed as the water limited yield concept (WLYC), [60]
is proposed [60] for the description of the impact of K on water management. The algorithm
for the water limited yield (WLY) calculation is as follows:
WLY = TE (R + WR - ΣEs) (9)
where: TE, maximum unit water productivity, fixed at the level of 20 kg ha-1 mm-1, R refers
to the sum of rainfall during the growth period, WR expresses water reserves in the soil pro‐
file down to 1 m, and ΣEs, represents the seasonal soil evaporation, equals to 110 mm.
The proposed procedure takes into account two variables affecting WUE, resulting in yield
fractionation. The first yield fraction (WLY), reflects a maximum yield at a given amount of
attainable water to a crop during its growth. Controversies about the applicability of the Eq.
No 9 refer mostly to the threshold value of the TE, which was originally set up for wheat at
the level of 20 kg of grain per 1 mm of water [61]. In maize, taking into account its higher
water-use efficiency, this threshold value is questionable and should be fixed at a slightly
higher level. The another controversy refers to the importance of water reserves, WR,
present in the soil profile. This water reservoir is responsible for both water, and nutrients
supply at early stages of a plant growth. Therefore, this component of soil water characteris‐
tic has been introduced by Authors (the current chapter) into the original French and Schulz
equation. The second yield fraction quantifies the net effect of the applied agronomic meas‐
ure on WUE, resulting in yield gain or loss.
The graphical interpretation of the WLY concept, as proposed by Authors, allows to dis‐
criminate the effects resulting from the action of transpired water and that of the tested fac‐
tor. As shown in Fig. 6, the maximum yield of maize was higher in the favorable year 2001
as compared to the dry one, i.e., 2003. The effect of increasing nitrogen rates was dependent
on potassium management. In the treatment without K application, the highest yield in‐
crease due to N was documented for its rate of 100 kg ha-1. In contrast, on plots with current
K application, the highest yields were harvested in the treatment with 140 kg N ha-1, irre‐
spectively of the season. The relative contribution of K application in the final yield, meas‐
ured for this particular treatment, was 40% and 6% in 2001 and 2003, respectively. It can be
therefore concluded, that the exploitation of maize potential significantly depends on the ni‐
trogen rate, but adjusted for the K fertility level. Therefore, any inadequately recommended
N rate can result in yield decrease in good years or even its depression in years with
drought, as occurred in 2003 (Fig. 6) and in 2006 on the light soil (Fig. 5).
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Figure 6. Effect of soil K fertility level on maize yield in two weather contrastive years; Adapted from [62].
4. Soil potassium resources – K availability to crop plants
4.1. Soil K mining
As described in the first part, the consumption of K fertilizers in many parts of the world
has significantly decreased. The annual shortage of K in the global scale is calculated at the
level of 20 kg ha-1 [63]. Decades of cropping without sufficient replacement of K removed by
harvested plant portions depleted soil K resources to the yield-limiting level. The long-last‐
ing negative K balance is nowadays considered as the second factor of agricultural soil pro‐
ductivity degradation, following soil acidity. On the average, 18.6% world soils is extremely
poor in potassium. The worst situation occurs in South-East Asia (43.5%), followed by Latin
America (39.3), Sub-Saharan Africa (29.7%), East Asia (19.8%) [64]. Central Europe and
countries originated from Former Soviet Union are also threatened by soil mining, because
25% of arable soils present low content of potassium [65].
A minimum of 300 kg ha-1 of available potassium is required for a good growth of high-
yielding crops, assuming 33% of its utilization by crop [66]. In low-input systems, crop pro‐
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duction mostly relies on soil resources and alternative sources of nutrients, including K
mineral fertilizers. The high-input systems, which do not cover, or even replenish plant K
needs at critical stages of yield development, result in soil K mining. High year-to-year vari‐
ability and/or yields stagnation is not always recognized as the attribute of the inappropriate
K management. Therefore, all potassium mined soils as well as light textured and also or‐
ganic soils should be considered as risky for crop production. For all these groups, recom‐
mended rates of applied K should be greater than its removal.
4.2. Soil K pools
The total content of soil potassium in the top-soil (layer 0-0.2 m) ranges, depending on soil tex‐
ture from ca 1 000 to 50 000 kg K ha-1 [67]. Therefore, it can be concluded, that whole reserves of
K in the rooted soil profile (down to 1.0 m) are several times larger. However, most of the soil
potassium is not directly attainable for currently growing crop. Soil K resources are distributed
in pools, which release K+ ions with different rates, depending on geochemical characteristics
of a particular pool. Based on chemical extraction procedures and probability of K uptake by a
meanwhile grown crop, four operational K pools/forms have been defined: i) water-soluble
(WSK) ii) exchangeable (EXK), iii) non-exchangeable (NEXK, iv) structural/mineral (MIK). The
first one, containing K+ ions present in the soil solution, is directly available to the plant. In Pol‐
ish soils, it content ranges from about 60 to 90 kg K ha-1 for the light and heavy soil, respectively
(Fig. 7]. This form of potassium is at its highest level in spring and decreases throughout the
growth season as plant takes it up. It covers plant needs at early stages of growth, but not in the
high-season. This K pool is also sensitive to leaching, which in temperate regions of the world
takes place in autumn and winter, provided water saturation of the whole soil profile. The
amount of leached K is inversely related to soil texture, ranging from 1 to 8 kg K ha-1 for soil ori‐
ginated from loams and sands, respectively [66].
The second K pool (EXK) contains K+ ions held by negatively charged clay and humus parti‐
cles. In Polish soils, the amount of the EXK ranges from about 200 to 650 kg K ha-1, for very light
and heavy soils, respectively. For this K form a threshold content is fixed at the level of 100 mg
kg-1 [67], i.e., 360 kg K2O ha-1. The first two K pools are in a dynamic equilibrium, enforced by
the presence of the plant root. According to the Le Chatelier-Braun principle of contrariness, any
changes in K+ ions concentration in the soil solution results in their movement from the ex‐
changeable to the soil solution pool. The reverse process occurs in response to K fertilizer's ap‐
plication.  Both  pools,  when  not  replenished  with  K  in  fertilizers  or  manures,  undergo
depletion, decreasing the capacity to match plant demand in time and space [68, 69]. Under
lack and/or insufficient K delivery from external sources to currently grown crop, which even
in the high cropping systems is not exception, but a rule, its growth and productivity depends
on the non-exchangeable soil resources (NEXK). This pool is several times larger than the EXK
one, as shown in Fig. 7. For this K form, the threshold level Is fixed at 400 mg kg-1 [70], i.e., 1440
kg K2O ha-1. The fourth pool (MIK) represents K in soil rocks and minerals. This pool is consid‐
ered as long-term K reservoir, highly dependent on the type and the weathering rate of K bear‐
ing minerals [Table 5].
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Minerals 1 Formula g ∙ kg-1 Rocks 2 g ∙ kg-1
K feldspar KAlSi3O8 140.3 Sanstone 12.3
Leucite KAlSi2O6 178.9 Clays 23.3
Nepheline (Na,K)AlSiO4 130.0 Shales 20.4
Kalsilite KAlSiO4 246.8 Limestons 2.6
Muscovite KAl3Si3O10(OH)2 90.3 Chernozem3 8.4-22.0
Biotite K2Fe6Si6Al2O20(OH)4 76.2 Cambisols3 11.4-20.9
Phlogopite K2Mg6Si6Al2O20(OH)4 93.8 Vertisols3 16-28.5
Source 1[72], 2[73], 3[74]
Table 5. Potassium content in K-bearing minerals1, rocks2 and soil3
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Figure 7. Distribution of potassium among pools in Polish soils at the background of soil texture; Adapted from [71]
4.3. Factors affecting potential availability of the NEX-K to crops
In the majority of cropping systems, harvested yields depend on the non-exchangeable K
pool [68, 69]. The yielding impact of this K form increases in most systems, where K removal
by crop is not fully replenished. In order to elucidate the importance of this K pool for plant
production, an example of four different fertilizing systems on spring barley yields is short‐
ly described. The status of K forms in black earth after twelve cycles of three-course rotation,
Soil Fertility154
as presented in Table 6, showed a significant decrease in the content of both available and
slow-released K forms. The EXK pool was much below the standards (100 mg K kg soils-1),
irrespective of the fertilizing system. The NEXK was several times larger, exceeding the
threshold level in three of four treatments, i.e., in K fertilized ones. The described study im‐
plicitly revealed the significant effect of the NEXK pool on yield of spring barley (Y):
2Y = -0.456 + 0.008NEXK; R = 0.69; n = 16. (10)
In Poland, the official recommendation for K is based on the Egner-Riehm extraction proce‐
dure (Doppel-Lactat, pH 3.55). The harvested yield of barley grain also showed a significant
dependence on the content of available K (ERK), following the quadratic model:
2 2Y = -0.84 + 0.107ERK – 0.00048 ERK ; R = 0.55; n = 16 (11)
This type of relationship between yield and available K means, that potassium supply limit‐
ed the yield of grain to a certain value, which in this particular case was fixed at 111.5 g K
kg-1 soil. This value implicitly indicates the FYM treatment as optimal for the maximum
yield of barley. In the third step of evaluating the yield forming effect of K, the ERK was
regressed against K content in other K pools. The applied stepwise regression implicitly re‐
vealed its significant dependence on the NEXK, The reliability of the ERK pool prediction
was improved by implementing the EXK into the model:
2ERK = -5.7 + 0.157NEXK; R = 0.51 and P  0.001£ (12)
2ERK = -17.9 + 0.12EXK + 0.12NEXK; R = 0.71 and P  0.001£ (13)
Potassium
treatments
K pools Egner-Riehm K
ERKWSK EXK NEXK MIK
mg kg-1
Control 7 17 378 1045 50
NPK 16 33 648 949 84
FYM 19 28 695 1140 114
1/2NPK + ½FYM 10 33 565 855 61
Source [68]
Table 6. Effect of 36 years of continuous fertilizing systems on the distribution of potassium forms
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The efficient use, i.e., exploitation of the non-exchangeable K pool in crop production re‐
quires  to  use  specific  agronomic  methods.  The  most  farming efforts  are  focused on  in‐
creasing  both  amounts  of  plant  available  potassium  and  crop  accessibility  to  this
particular  soil  pool.  There are numerous processes involved in the equilibrium between
exchangeable potassium (EXK) and non-exchangeable potassium (NEXK) pools. The basic
way in reaching both goals simultaneously is to fix the soil pH at a level adequate for the
most sensitive crop in the crop rotation system. The application of lime induces a series of
interrelated processes, resulting in the improvement of fundamental growth conditions for
crop plants. Therefore, their demand for nutrients, including potassium, increases propor‐
tionately. Aluminum (Al3+) neutralization is the primary effect of lime application, which
in turn creates a chemical and physical milieu for better growth of roots. This action is the
key agronomic practice responsible for increasing the accessibility of a given crop to po‐
tassium resources in the soil profile. Other processes induced by lime results in increasing
amounts of available potassium in the soil solution. The key one is directly related to the
disturbance of the K+/Ca2+ equilibrium at the interface soil solution/EXK pool. The sudden
increase of Ca2+ ions concentration in the ambient soil solution is attributed to the acceler‐
ated rate of K+ displacement from the cation exchange capacity (CEC). The another conse‐
quence  of  liming  is  the  proliferation  of  soil  fauna,  which  increases  the  rate  of  organic
matter decomposition. The induction of microorganisms activity results in series of secon‐
dary processes affecting:
a. the release of K from organic matter,
b. the displacement of K+ ions from both the EXK and NEXK pools,
c. the build-up of soil CEC,
d. the dissolution of non-exchangeable K from clay particles.
The processes reported in positions a and d are of a great importance for the current and
long-term soil K economy, respectively. However, both are efficient the most under condi‐
tions of a slight acid pH. At neutral pH, the elevated concentration of Ca2+ slows down the
effect of H+ on K+ displacement. With respect to the third process (position c), the build-up of
soil organic matter content, oriented on increasing soil CEC is the long-term strategy of K
management. The increased size of CEC should be considered as the extended reservoir for
cations, both potentially threatened by leaching from the soil solution and/or dissolved from
the non-exchangeable K pool.
In the last decade, a lot of scientific projects dealt with microorganisms, considered as a tool
for increasing the availability of K from non-exchangeable potassium (NEXK) and that oc‐
cluded in rocks and minerals (MIK) pools. The study carried out with plant growth-promot‐
ing Rhizobacteriaceae (PGPR) showed, that some bacterial strains such as Bacillus edaphicus,
Bacillus mucilaginosus are capable to release potassium from silicate minerals. Their action in
K-bearing minerals is via H+ ions, and/or by organic acids (citric, tartaric, oxalic), active in
divalent cations complexion [72, 75, 76, 77]. A similar effect is expected when plants such as
cotton, grasses, legumes, crucifers were used.
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The  importance  of  externally  incorporated  microorganisms  to  arable  soil  in  raising  up
soil fertility as described above was mostly limited to laboratory experiments. The study
conducted with the application of  bio-fertilizers in Poland showed, in general,  a  signifi‐
cant  increase  of  mineral  nitrogen content,  indirectly  stressing on the  accelerated rate  of
organic  matter  decomposition.  Much larger  amounts  of  released nitrates  in  response  to
increasing  fertilizers  application  and  bio-fertilizer  indicate  an  efficient  rate  of  ammonia
nitrification, which in turn generates H+.  The formulated hypothesis assumes a local soil
acidification,  which results  in a  significant  increase of  cations and phosphorus contents.
The highest  increase  of  the  latter  ones  suggests  a  multifunctional  action of  soil  applied
microorganisms (Table 7).
Treatments
N-NH4 + N-NO3 - P2O5 K2O Mg
kg ha-1 mg kg soil-1
N 24.3 1 55.1 1 36.2 91.6 76.6
N + biofertilizer 26.6 72.1 59.2 111.7 97.0
NPK + biofertilizer 28.4 107.4 91.5 140.4 88.9
Source [78], 1extracted in 0.01 M CaCl2,
Table 7. Effect of a bio-fertilizer on the post-harvest content of available nutrients in soil cropped with potato1
5. Crop rotation – The background of soil fertility management
Crop rotation describes a sequence of crop plant species cultivated on the same field within
a fixed time. Three classical principles of crop rotation include: i) an appropriate choice of
cultivated species, ii) crop frequency, taking into account some biological limitation, iii)
fixed crop sequence. Crop rotation, in fact, under a particular climate and soil agronomic
properties of a field, defines the structure and management of applied inputs. The main
goals of crop rotation are:
a. yield stability, as a basis of a long-term stabilization of farm economy,
b. amelioration of the resistance of growing plants to stress, mostly of biological origin,
c. optimization of the use of soil resources, with respect to water and nutrients.
All these goals were rigorously guarded by farmers up to the end of the first half of the XX
century. The technical progress, which started at the beginning, but accelerated in the sec‐
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ond half of the XX century, resulted in a great increase of agriculture means of production,
including fertilizers and pesticides. In addition, for the period extending from 1950 to 1970,
intensive breeding programs within the “Green Revolution” succeeded first in new wheat
and rice varieties, and next other cereals and maize. The main attribute of high-yielding va‐
rieties at that time was the extended capacity to accumulate nitrogen. Soon, the rigid crop
sequence rules, based on legumes as a source of nitrogen and assuring its biological protec‐
tion became limiting factors in a sharp yield increase. Consequently, changes in sequences of
cultivated crops practiced by farmers were more and more oriented on net income, neglect‐
ing at the same time the efficiency of applied nitrogenous fertilizers, pesticides. This in turn
increased the pressure of agriculture on environment [2, 80, 81].
New paradigms of agriculture development, oriented on sustainable use of resources, can
be achieved, provided crop rotation rules are introduced. The modern view on principles of
crop rotation arrangement takes into account its flexibility in the selection of crop species,
depending on market needs. Nowadays, the objectives of the rational crop sequence should
strictly consider i) the farm economic profitability – its adaptability to market oriented
changes, ii) the optimization of resource use, both internal (soil) and external (fertilizers,
pesticides), iii) the minimization of the impact of agriculture on local and global environ‐
ment (nitrogen, phosphorus) [82, 83]. Therefore, a profitable crop production requires the
development of alternative strategies, oriented on a well-thought-out management of water
and nutrient resources in a particular crop rotation.
The reported expectations and assumptions regarding crop rotation refer also to potassium
management. There are some experimental data supporting the concept of sustainable use
of soil potassium, based on crop rotation principles:
a. soil, taking into account the whole profile, must be sufficiently reach in K to supply suf‐
ficient amount of potassium to a high-yielding crop within an extremely short period of
growth – the critical period of yield components formation, to assure maximization of
its yielding potential exploration [21, 24],
b. leafy crops, for example sugar beet, oilseed rape, to cover K requirements during crucial
stages of growth, need to explore a thick layer of the soil profile [28, 84],
c. root system of leafy crops is much weaker in comparison to cereals (Table 8), being a
prerequisite of higher level of available potassium,
d. demand of cereals for potassium is much lower than leafy crops; root density is at the
same time much higher, hence a higher efficiency in K uptake (Fig. 8; Table 8),
e. both leafy crops and cereals respond more to soil fertility K level than to freshly applied
fertilizer K [27, 66, 85, 86],
f. all crops respond to current potassium fertilization in years with stress, mostly related
to water shortage and site specific diversification of K management [47, 55, 86, 87].
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Crops RLV, cm cm-3 Rd, cm
Been 0.5-2.0 0.50
Oil-seed rape - 1.00
Potato 1-2 0.50
Sugar beet 1-2 1.00
Barley 3-4 0.50
Wheat 3-8 0.80
Rye 4-8 1.00
Source 1[88], 2[89]
Table 8. Root length density (RLV)1 in the top-soil layer and mean rooting depth Rd 2
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Figure 8. Effect of soil potassium fertility level on yield level of two groups of crop plants; Adapted from [90]
6. Crop rotation potassium balance – A strategic scale of K management
6.1. System of potassium fertilization – Key assumptions
The  efficient  system  of  potassium  management  should  focus  on  requirements  of  the
most  sensitive  crop  in  a  particular  crop  rotation.  The  mandatory  objective  of  effective
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strategy of any crops fertilization with potassium is to cover K demands of the current‐
ly  growing  crop  during  the  period  of  their  highest  growth  rate.  However,  crop  plants
grown in a fixed crop rotation present different sensitivity to current level  of  attainable
soil K. Thereby, the primary objective of rational K management should focus on fulfill‐
ing  the  requirements  of  the  most  sensitive  crop  within  the  given  crop sequence.  It  de‐
mands  for  K  determines  the  top  level  of  the  critical  range  of  soil  available  K  for  the
whole sequence of growing crops. The basic target is the non-limited supply of soil  po‐
tassium  to  plants  during  stages  of  the  highest  biomass  increase,  which  coincides  with
the  end of  the  linear  period  of  dry  matter  accumulation.  The  degree  of  the  K  require‐
ment covering by the most sensitive crop is decisive for both: i)  water-use efficiency, ii)
nitrogen  utilization  use  efficiency.  Any  increase  of  these  two  indices  results  in  the  de‐
gree of yield component's development, considered as a crucial for a yield increase. The
secondary objective  is  to  select  production measures  essential  for  reaching the  required
level of available K [66].
In general, the crop-oriented K fertilizing strategy relies on the view that crops such as sugar
beet, potato, oil-seed rape, (grain) legumes are significantly more sensitive to K supply than
cereals, when grown subsequently in a fixed crop rotation. Therefore, the economically suc‐
cessful and environmentally sound K fertilization system should based on five pillars, as‐
suming that leafy crops:
a. are grown in rotation with other crops, mostly with cereals,
b. have a substantially weaker root system as compared to cereals,
c. express considerably higher quantitative requirements for K at critical stages,
d. can explore a thick volume of the soil profile,
e. are, in consequence, much more than cereals sensitive to the level of available soil K.
The crop rotation-oriented strategy of K management also assumes a maximized recycling
of internal, i.e., soil available K sources and field resources (plant residues). Therefore, the
amounts of fertilizer K needed to cover its losses due to exports from the field in harvested
products or/and leaching processes, depend also on the management of crop by-product
(residues). The mentioned concept is in accordance with the Ideal Soil fertility (ISF) ap‐
proach [91]. Potassium timing seems to be of secondary importance taking into account the
strategic goals of K management. Natural growth conditions, mostly related to stressing fac‐
tors, can only modify potassium fertilizer timing.
6.2. Potassium balance sheet in crop rotation – An operational procedure
Following the theoretical assumptions it appears that the main problem of adequate fertilization
of the leafy crop with potassium is to develop an appropriate system of managing the potassium
rotation-oriented system. The principal farmer’s question is, how to achieve the target K availa‐
bility range? The efficient K system development may consist of three basic steps:
a. preparation of the K balance sheet for all crops in the fixed cropping sequence,
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b. determination of the current level of available K,
c. correction of the current K level.
In practice, the balance sheet operates on the equation, which in a simple way quantifies K
processes occurring at the field level:
-1
up plr nl ni fym f 2K + K + K  = K + K + K           kg K O  ha·é ùë û (14)
Rearrangement of the equation No. 14 allows to calculate the potassium application rate:
a
-1
f up plr nl ni fym 2v[ ]K = P ±P + K  – K + K ±dK            kg K O  haé ùùû ·éë ë û (15)
where:
Kup - K uptake by the main yield, kg ∙ ha-1
Kplr - K accumulation in plant residues, kg ∙ ha-1
Knl - natural K losses (erosion, leaching), kg ∙ ha-1
Kni - natural K input (dry and wet deposition), kg ∙ ha-1
Kfym - K supply in organic manure, kg ∙ ha-1;
Kf - fertilizer K, kg ∙ ha-1
δKav - intended/required change of soil available K, mg kg ∙soil-1
In agronomic practice, some components of the K balance sheet such as natural input or losses
may be omitted due to their minor importance as a source of K. The minimal set of data required
when constructing the balance sheet for a particular crop sequence is as follows (Table 9):
a. unit K uptake (specific K uptake) by each crop cultivated in a given rotation, i.e., K ac‐
cumulation in the main crop product unit and its respective amounts in the by-prod‐
ucts, for example, in straw (expressed in kg K2O ∙ t-1 of the main product,
b. crop sequence in the fixed crop rotation,
c. methods of a specific management of by-products at the farm,
d. type of farm (crop, dairy, mixed) as related to manure production.
The first parameter shows a certain level of variability, according to soil, crop and produc‐
tion technology. The critical issue of the proposed concept relates to the management of the
Kplr component of the Eq. No 15. All vegetative plant organs, such as straw or sugar beet
tops, are very important sources of potassium. The environmentally and economically
sound solution is to incorporate all harvested by-products into soil.
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Components of balance sheet Yield
t ∙ ha-1
Management of plant residues
exported from the field left at the field
losses input4 losses input
Crop products
Sugar beet storage roots1
tops + root residues2
60
10 + 1
60
250 + 153
-
13.5
60
250 + 15
-
238.5
Spring
barley
grain
straw + root residues
6.0
6.0 + 1.8
36
72 + 27
-
24.0
36
72 + 27
-
89.1
Oilseed
rape
seeds
straw+ root residues
4.0
10 + 2.8
40
200 + 42
-
37.8
40
200 + 42
-
217.8
Winter
wheat
grain
straw + root residues
8
9 + 2.55
40
126 + 38.3
-
34.4
40
126 + 38.3
-
147.9
Total - 946.3 109.7 946.3 693.3
K net balance I - -836.6 -253
Manure 34.05 +214.4 0.0
K net balance II - -622.4 -253
K fertilizer needs, kg K2O ∙ ha-1 622.2 253
K fertilizer needs, kg K2O ∙ ha-1 ∙ year-1 155.6 63.25
1main product, fresh weight;
2root residues + stubble - sugar beets ≈ 5%, cereals ≈ 15%, oil-seed rape ≈ 20% DW of aboveground biomass;
3content of K in plant residues;
4K recovery from plant residues/manure in the four-course rotation ≈ 90%; 5fresh weight, K2O content = 7 kg t-1.
Table 9. An example of potassium balance, the 4-course rotation, kg K2O ∙ ha-1
6.3. Determination of optimum soil K level
The efficient management of potassium in a given field depends on cultivated crop species
and their cropping sequence. The main operational objective is to assess the degree of each
crop sensitivity in the fixed rotation to the amount of soil available + fertilizer K. The graphi‐
cal procedure of the optimum K range determination assumes, that the target crop shows
the response to the applied potassium fertilizer, when soil K supply is too low to harvest
95% of the maximum yield. Based on data obtained from on-farm experiments and farmers
experiences, it is possible to determine the perfect range of available K. As presented in Fig.
9, the applied statistical procedure, specifically the linear-plateau and quadratic regression
models, allowed to fix the critical K point (limit), amounting to 170 mg K2O kg-1. However,
as resulted from the analysis of the quadratic model, yield of the tested crop increased fur‐
ther up to 250 mg K2O kg-1 (Fig. 9). In the case of sugar beets, the ideal level of soil K has
been fixed at high level (clearly defined range), irrespectively of the site (soil) and year. All
other leafy crops also require a fixed, in general, high level of soil available K during critical
stages of yield formation. This level of soil attainable K content is the basis of the needed
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rate of K supply to a crop during important stages of yield formation. For cereals, the re‐
quired K level is much lower. In general, 100 mg KEX kg soil-1 can be considered as the up‐
per range of this plant response to soil K.
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Legend: L-CP, Q-CP – critical point (quantity of available K) as determined by the linear (L) and quadrate (Q) regression
models, respectively; OP- optimum content of available K.
Figure 9. A graphical method of assessing the critical available soil K for reaching maximum yield of storage roots by
sugar beet; Adapted from [92]
The annual loss of potassium from the cropped soil due to intended export or leaching ranges
from about 20 to 33%, depending on the crop [66]. Only in the case of leafy vegetable and fodder
crops, its loss is substantially greater. Therefore, the required amount of potassium to be applied
in rotation with leafy crops may be calculated using the equation No. 16. However, taking into
account plant residues and their contribution to the required K amount, the needed quantity of
purchased K fertilizer can be substantially, even by 3-times lower [Eq. No 17, Table 9]. Data con‐
cerning fertilizers value of crop residues can be obtained directly or calculated using constant re‐
lationships between K content in the main product and its concomitant by-product [66].
( ) –  / . [  ]-= ´ 1f ar ca 2K K K 3 0 9 K O ha (16)
( ) –   – / .[ ]  [  -= = ´ 1g f ar ca rec 2dK K K K 3 K 0 9 K O ha (17)
where:
Kf – potassium fertilizer rate, kg K2O ha-1
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Kar - soil available K content required by the most sensitive crops in a fixed crop rotation,mg K2O kg-1 soil, the critical range
Kca - current level of soil available K, mg K2O kg-1 soil
Krec - K recycled in plant residues and/manure, kg K2O ha-1
3 - coefficient for converting soil K into K rates.
It is possible, based on specific K requirements to assign all cultivated crops into a particular
soil available K classes. This has been reported in Table 10 for key crops cultivated in Po‐
land. By using this operational scheme, the farmer can define a right place for crops grown
in a particular crop sequence with respect to the required level of soil available K. This table
can be considered as the first step in the development of the K fertilizing plan, oriented on K
requirements of the most sensitive crop in the given crop sequence.
Potassium
rating
Soil agronomic category
Very light Light Medium Heavy
Very low
Low
Medium
High
Very high
the Egner-Riehm K extraction method
Legend :  low K sensitive crops: rye, oats, triticale
 medium K sensitive crops:: wheat, barley, maize
 high K sensitive crops vegetables, sugar beet, potatoes oil-seed raps, grain legumes
Figure 10 Critical ranges of available potassium1 for key crops in Poland
7. Conclusion
The modern nitrogen-oriented agriculture relies on mining of soil nutrient resources, mainly
potassium. Therefore, its key attribute is low water- and nitrogen-use efficiency and high
year-to-year variability of yields. Crop growth on soils poor in available potassium limits,
consequently, food production in many regions of the world. Hence, the principal objectives
of sustainable management of potassium are to: i) reduce year-to-year variability of harvest‐
ed yields, ii) increase water- and N- use efficiency, iii) decreasing the pressure of agriculture
on local and global environment. All applied agronomic measures should take into account
K requirements of the most sensitive crop in a fixed crop rotation. Next, the required range
of available K for the most sensitive crop, in turn should ensure effective N use during key
stages of yield performance by all growing crops. The main way of fulfilling these goals is to
gradually build-up or to re-build the attainable soil K pool. There are three key methods of
economically profitable and environmentally sound K management. All of them rely on
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consecutive exploitation and use of: i) natural soil K reserves, ii) recycled organic K - plant
residues, and in the last step, iii) K mineral fertilizers.
Photo 1. Potassium deficiency symptoms on maize; Author: Witold Grzebisz
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